The effect of temperature on the catalytic and regulatory properties of enzymes of poikilotherms is poorly understood. In studies of mammalian and bacterial enzymes, sharp and frequently differential effects of temperature on these properties have been observed. Often these effects are of such magnitude as to appear incompatible with poikilothermic existence. For example, the interaction of rat liver fructose 1,6-diphosphatase with the negative modulator AMP is so highly temperature-sensitive that the Ki for AMP at 400 is nearly 100 times that at 20 (Taketa & Pogell, 1965 ). An even more striking example of temperature sensitivity of enzyme-modulator interactions is found with E8cherichia coli thymidine kinase (Iwatsuki & Okazaki, 1967) . At 370, thymidine 5'-triphosphate inhibits enzymic activity by approx. 75%; at all temperatures below 300, thymidine 5'-triphosphate activates the enzyme. Enzyme-substrate interactions may also exhibit marked temperaturedependences. The affinity of E. coli thymidine kinase for substrate at 200 is about 10 times that at 370 (Iwatsuki & Okazaki, 1967) . Comparable changes in enzyme-substrate affinity, as measured by. Km changes, have been observed with other enzymes (Cowey, 1967; Helmreich & Cori, 1964; Himes & Wilder, 1968; Hochachka & Somero, 1968 ). An important consequence of these Km changes is that at low, and usually physiological, concentrations of substrate, enzymic activity may be greater at low temperatures than at high temperatures.
To examine the action of temperature on the catalytic and regulatory functions of poikilothermic enzymes, we have initiated studies of several key enzymes involved in glycolysis and gluconeogenesis in fishes. This paper presents the results of a study of PyK* of the temperate-zone rainbow trout (Salmo gairdnerii) and of the Antarctic fish Trematomu8 bernacchii. (Littlepage, 1965) and has an upper lethal temperature of 60 (Somero & DeVries, 1967) . Its metabolic rate is highly cold-adapted (Somero, Giese & Wohlschlag, 1968; Wohlschlag, 1964 Susor & Rutter (1968) . RESULTS AND DISCUSSION Isoenzyme forms of rainbow-trout PyK. PyK functions at an important branch point in the glycolytic and gluconeogenic pathways. In mammalian tissues such as muscle, which depend highly on glycolysis, PyK occurs in a form distinguishable from the PyK of gluconeogenic tissues such as liver (Tanaka, Harano, Morimura & Mori, 1965; Tanaka, Harano, Sue & Morimura, 1967a; Susor & Rutter, 1968) . Similarly, PyK in rainbow trout occurs in at least two forms. White muscle possesses an isoenzyme that exhibits a relatively slow anodal migration, approx. 1.5 cm./hr. on cellulose acetate at 250v and pH7-0. This isoenzyme, which we term M-PyK, is activated by FDP. M-PyK was used in all kinetic studies described below. A second isoenzyme, which is found in liver and brain, shows a more rapid anodal migration, approx. 3-1 cm./hr. at 250v. This isoenzyme, which we term L-PyK, is insensitive to FDP.
MATERIALS AND METHODS
The FDP effects on trout M-PyK and L-PyK are opposite to those observed with the mammalian isoenzymes. In the latter system, FDP activates PyK in liver, whereas the muscle isoenzyme is FDP-insensitive (Tanaka et al. 1967a ). Mammalian brain PyK, like trout brain PyK, is FDP-insensitive.
Ion requirements of rainbow-trout M-PyK. PyK of rat and that of the rainbow trout have similar ion requirements. In common with most PyK enzymes, the trout enzyme is activated by K+, albeit to a far smaller extent than the rat enzyme (Fig. 1) . This low K+-dependence may have adaptive significance, for intracellular K+ concentrations in trout muscle decrease after exposure to low temperatures (Hickman, McNabb & Nelson, 1964) . Wide variation in K+ activation among species was reported by Boyer (1953) .
Trout M-PyK has an absolute Mg2+ requirement. The Ka for Mg2+ exhibits a definite, albeit irregular, variation with temperature. Minimal Ka (1.5mM) occurs at 150; maximal Ka (3.2mM) is observed at 200. These Ka values fall within the range reported for mammalian PyK enzymes.
The effect of Ca2+ on trout PyK is complex. High concentrations of Ca2+ are inhibitory (Fig. 2) , a common attribute of PyK enzymes. However, under conditions of low Ca2+ and optimum Mg2+ concentrations, Ca2+ activates the enzyme (Fig. 2) . The percentage activation increases as the temperature is lowered, an effect of possible regulatory significance for the organism. The basis of this complex interaction with Ca2+ is unclear. However, the data do suggest that Ca2+ may bind to sites remote from Mg2+-binding sites.
Effect of temperature on enzyme-substrate interaction8 and maximal velocities. The PEP-saturation curves for all of the PyK enzymes of this study are hyperbolic at all temperatures and pH values examined. With both fish enzymes, the Km for PEP varies with temperature in apparently adaptive manners (Fig. 3) (Fig. 3) . The minimal Km for PEP of trout M-PyK occurs at temperatures that closely approximate to the temperature of optimum performance for this species, 150 (Fry, 1957) .
In addition to having a lower temperature optimuim, the absolute value of the Km of PEP of the Trematomus enzyme is lower than that of the trout enzyme. Evolutionary adaptation of enzymes to low temperatures may therefore lead to decreases in Km for substrate as well as to lower thermal optima.
In contrast with the two fish enzymes, rat PyK does not exhibit a minimal Km near the rat's body temperature (Fig. 3) .
A seemingly paradoxical property of the plots of Km versus temperature in Fig. 3 is the sharp increase in Km at temperatures several degrees above the minimal temperature encountered by the two fish species (-1.8' for Trematomu8; 2-4°for the trout).
If the temperature-dependent Km changes discussed above are involved only in promoting stability of the rate of catalytic activity (Table 1) , then one would predict that the Km would continue to decrease with decreasing temperatures down to temperatures near the lower lethal limits for the organisms. Clearly, this is not the case for either PyK (Fig. 3) .or for several lactate dehydrogenase isoenzymes we have studied (Hochachka & Somero, 1968 A possible resolution of this paradox may be related to alterations in metabolic pathway participation at different temperatures. Acclimatization of fishes to different temperatures is known to promote changes in the relative activities of certain metabolic pathways (Ekberg, 1958; Hochachka & Hayes, 1962; . At low temperatures the relative participation of glycolysis is decreased, and pentose-shunt activity assumes a quantitatively more important role in carbohydrate metabolism. It is conceivable that these acclimatization phenomena could involve immediate effects of temperature on enzyme-substrate interactions, as well as changes in quantities of enzymes due to altered rates of enzyme synthesis (Smith, 1967) . Indeed, the competitive abilities of different metabolic pathways for common intermediates are known to vary with temperature (Hochachka, 1968) , and these changes may be related to differential effects of temperature on the Km values of the enzymes of different pathways.
Arrhenius plots of log Vmax. versus 1/T are presented in Fig. 4 . With both fish enzymes, the temperature at which maximum activity occurs lies well beyond the upper lethal temperature of the species, 6' in Trematomu8 bernacchii (Somero & DeVries, 1967) and 25-27°for the trout (Fry & Gibson, 1953) . Assay conditions were as described in Fig. 1 , except that K+ concentration was 75mm, and 01lmM-FDP was added to the assay system. The same enzyme preparation was used in all determinations.
Activation (%)
Temp. Activation energies of the PyK reactions are also given in Fig. 4 . The significance of activation energies in temperature adaptation has been discussed by several authors (Read, 1964a,b; Vroman & Brown, 1963) . It has been proposed that enzymes from cold-adapted species possess low activation-energy characteristics, and therefore function as highly efficient catalysts. Though a positive correlation between habitat temperature and activation energy does not hold for all enzymes (Read, 1964a,b; Hochachka & Somero, 1968 Effect of temperature on regulatory properties of trout M-PyK. In sharp contrast with the temperature-dependence of PyK-PEP interaction, the Km for ADP varies by less than 10% (average Km 0.26mm) over the range 5-25°. The basis for this difference between the two substrates may lie in the fact that the adenylates are common substrates for many enzymes and, in addition, play major roles in regulating enzymic activity (Atkinson & Walton, 1967a,b) . If the activities of many enzymes involved in ATP metabolism are affected by the relative concentrations of the adenylates, then proper metabolic regulation over the range of temperatures encountered by a poikilotherm may require that enzyme-adenylate interactions be temperature-independent. That such is also the case for PyK-ATP interaction is evident in Fig. 5 . The effect of ATP, a competitive inhibitor of PyK, is unchanged over the range of temperatures examined.
A second major regulating mechanism characteristic of a number of PyK enzymes is feedforward activation by FDP (Hess, Haeckel & Brand, 1966; Maeba & Sanwal, 1968; Milman & Yurovitski, 1967; Susor & Rutter, 1968; Taylor & Bailey, 1967 (Milman & Yurovitski, 1967) and rat liver (Tanaka, Sue & Morimura, 1967b) .
FDP-sensitivity of the enzyme varied among preparations, an observation also reported by Susor & Rutter (1968) . We have no information on the basis of this variability.
FDP activation of trout M-PyK shows no pH-dependence over the range pH6-5-7-5, and is affected little by temperature between 70 and 250 (Table 2 ). Although activation increases by approx. 20% between 7-10°and 200, this change is small compared with the large temperature effects on regulatory properties observed with other enzymes (Ingraham & Maal0e, 1967; Iwatsuki & Okazaki, 1967; Taketa & Pogell, 1965; Worcel, 1966) . The temperature-independence of the regulatory properties of trout M-PyK suggest that feedforward and feedback controls of enzymic activity are equally effective at all temperatures that this species is likely to encounter in Nature.
Stability of enzyme activity in poikilotherms therefore would appear to be promoted by two distinct thermal properties: (1) temperaturedependent enzyme-substrate interactions, and (2) temperature-independent enzyme-modulator interactions, particularly enzyme-adenylate interactions.
